This report describes a new immunological method for the detection and quantification of Nitrospira populations using the reverse passive latex agglutination (RPLA). The numbers of the genus Nitrospira have been quantified only by molecular biological techniques such as FISH and quantitative PCR to date. Using highdensity latex particles and a specific polyclonal antibody, Nitrospira populations in the wastewater treatment process were quantified in the shortest 4 h of incubation. The minimum detectable number of Nitrospira cells was 7:0 Â 10 5 (log 10 5.85) cells/ml. It is thought that the RPLA method can quantify Nitrospira populations more simply, economically, and speedily than molecular biological techniques or the culture method, because this procedure has a simple protocol and does not require the use of specialized equipment, expensive reagents, or technical skill. Therefore it is applicable for use in the everyday control and maintenance of water quality in wastewater treatment facilities where equipment is not sufficient or in the field. The cross-reactivity (%) revealed the rate of the antibody titer (dilution ratio of the antibody where the value of the absorbance of which on ELISA was 0.5) of an anti-Nitrospira PAbs to the bacteria listed in Table 1 . For antigen-antibody reactions, the value was 100%. c Ehrich et al. 30) 
Like phosphates, nitrogen compounds represent the main source in the eutrophication of surface water such as lakes and inland seas. 1) For this reason, the removal of them from water sources has become an important issue in the maintenance and management of wastewater facilities. Nitrification-denitrification using an activated sludge system is one of the primary methods of nitrogen removal in wastewater treatment processes. Nitrification is a two-step biochemical process catalyzed by two phylogenetically distinct groups of bacteria: ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB).
Recently many groups have reported that Nitrospiralike bacteria, members of NOB, were found in a variety of environments, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and they have been found as the most abundant nitrite oxidizers in wastewater treatment systems. 9, [13] [14] [15] In order to determine the general distribution and population counts of nitrifying bacteria in a wastewater treatment process both speedily and correctly, it is very important to monitor population counts of Nitrospira in addition to Nitrobacter.
The most probable number method is a conventional culture-based method that has traditionally been used to do nitrifying bacterial counts in wastewater. 16) Due to a slow bacterial growth rate, it takes a long time (about 4 to 8 weeks) to yield any results, 17) and it is therefore not possible to determine a daily population count of nitrifying bacteria by this method. On the other hand, several molecular biological techniques have been developed for nitrifying bacterial quantification. 7, 18, 19) But these methods are rather laborious (e.g., they require skilled technicians as well as expensive reagents and apparatus), and therefore might not be employed as routine procedures for quantification. Hence these processes are implemented by setting a solid retention time that ensures that nitrifying bacteria are maintained at the lowest water temperature. However, the characteristics of wastewater influent and operational methods differ depending on the wastewater treatment processes that are used; efficient nitrogen removal is not constantly attained in all processes. Hence the establishment of a simple method that allows rapid quantification of nitrifying bacteria populations and assessments of bacterial activity is particularly important in this respect. In order to meet these demands, certain immunological techy To whom correspondence should be addressed. Fax: +81-42-577-3020; E-mail: takekazu-okumura@yakult.co.jp Abbreviations: RPLA, reverse passive latex agglutination; AOB, ammonia-oxidizing bacteria; NOB, nitrite-oxidizing bacteria; PAb, polyclonal antibody; ELISA, enzyme linked immunosorbent assay; IgG, immunoglobulin G; DCC-FISH, direct-cell-count fluorescent in situ hybridization; MPN, most probable number; FA, fluorescent antibody niques such as fluorescent antibody and monoclonal antibody techniques were developed. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Thus, although there are many immunological methods for ammonia oxidizing bacteria and the genus Nitrobacter, there is still little information on Nitrospira. 28, 29) These methods were laborious, as are DNA and RNA based work, because they use technical experimental methods such as immunoblot and in situ analysis. 28, 29) Hence simple, rapid, and economical immunological quantification methods such as immunochromatography and reverse passive latex agglutination methods are necessary for specific quantification of Nitrospira species as for Nitrosomonas and Nitrobacter species. The application of immunological methods requires prior isolation of target species from the site under investigation to produce the appropriate antibodies, but Nitrospira moscoviensis has not been isolated from wastewater treatment processes. 30) Since Nitrospira species were not separated from either activated sludge or soil, the reactivity of the polyclonal antibody and bacteria could not be investigated by methods that require a pure cultured bacterial strain, such as enzyme linked immunosorbent assay (ELISA).
The purpose of the present study was to develop a rapid, simple method to semi-quantify Nitrospira populations using anti -Nitrospira moscoviensis polyclonal antibody and the reverse passive latex agglutination method.
(Some of the results presented here have been re-ported previously in preliminary communications [technical data of nitrifying bacteria measurement kit, at http://institute.yakult.co.jp/].)
Materials and Methods
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table 1 . Nitrospira moscoviensis originated in an iron pipe in a heating system in Moscow, Russia, and was cultivated in lithoautotrophic medium supplemented with 0.2 g of NaNO 2 /l. 30) This strain was kindly provided by Dr. Eva Spieck, Institut für Allgemeine Botanik, Abteilung Mikrobiologie, Universität Hamburg. The other organisms were cultivated as recommended by the cell collection center.
Preparation of immunoglobulin.
A polyclonal antibody (PAb) against Nitrospira was raised in a KBL:Jw Japanese white rabbit using pure cultured Nitrospira moscoviensis as the antigen. Cultivation was divided into the following three steps: seed scale of 100 ml, middle scale of 1.0 l, and final scale of 4.0 l. The cultivation temperature was set to 37 C and the cultivation period was set to any stage 7 to 10 d. The culture solution after final scale cultivation was centrifuged and bacterial cells were separated from it. After 30 ml phosphate buffered saline (PBS) was added and cells were distributed, equivalent 0.6% formalin was added and fully agitated. After this solution stood at 37 C for 1 h, it was fixed at 4.0 C overnight. After the fixing step, the bacterial cells were centrifuged and washed with PBS 2 times, and the antigen was adjusted with PBS so that the absorbance at 660 nm might be set to 0.5. Nitrospira moscoviensis, which was suspended in 0.5 ml of PBS, was taken from the ear vein of the rabbit. The antiserum titer was measured by ELISA, and then the antiserum was heated at 56 C for 30 min. Immunoglobulin G (IgG) was purified from the antiserum using a protein G column kit (GE Healthcare Buckinghamshire) to provide anti-Nitrospira moscoviensis polyclonal antibody (anti-Nitrospira PAb). The dilution ratio of antibody where the value of the absorbance of which on ELISA was 0.5 was adopted as the antibody titer. To estimate the specificity of the anti-Nitrospira PAb, cross-reactivity with other bacteria listed in Table 1 was examined by ELISA.
Preparation of PAb-sensitized latex. The latex reagents were produced as follows: Polystyrene highdensity latex particles (gravity, 1.5 g/ml, diameter, 0.94-3.50 mm) were kindly provided or purchased from JSR (Tokyo). Preparation of PAb-sensitized latex was according to modified procedures described by Okumura et al. 31) For the negative control reagent, latex particles were sensitized with normal rabbit IgG (ChromPure Rabbit IgG, whole molecule; Jackson ImmunoResarch Laboratories, West Grove, PA) in the same manner.
Sample collection. The activated sludge samples were collected 2 times in 1 year from reaction tanks of the different municipal wastewater treatment plants listed Table 2 . The sludge samples were fixed for 2 h at 4.0 C in 4.0% paraformaldehyde (Sigma-Aldrich, St.Louis, MO), respectively. The fixed samples were then washed in PBS, and stored in a 1:1 mixture of PBS and 96% ethanol at À20 C, as described by Amann. 32) Population count of NOB by RPLA. After ultrasonication using a bath-type sonicator, the activated sludge samples were diluted serially 2-fold with a buffer solution (Block Ace, Dainippon Pharmaceutical, Osaka). After adding 25 ml of each diluted sample into a well of a 96-well U plate (MK-32100 Murakami Science, Tokyo), an equal volume of latex reagent was added, and the solution was carefully agitated. It was then allowed to stand at room temperature for 4 h or more. The agglutination image of each well following the reaction was judged based on the latex agglutination pattern described previously. 31) The highest dilution ratio which made an agglutinated precipitate was then identified. The bacterial population count was calculated using the following formula.
Bacterial population count (cells/ml) ¼
Highest dilution ratio among the agglutination detectable wells Â
Minimum detectable number of latex reagents (cells/ml)
Pure cultured Nitrospira moscoviensis, of which the cell numbers were quantified by DAPI, was diluted serially 2-fold with the buffer and used as a standard to determine the minimum detectable number.
A commercially available quantification kit (Yakult Honsha, Tokyo) was used in the measurement of Nitrobacter cell numbers according to the manufacturer's instructions. The minimum detectable number of the reagent for Nitrobacter was 1:0 Â 10 4 cells/ml. Direct-cell-count fluorescent in situ hybridization assay. Direct cell counts (DCC) of nitrifiers in activated sludge were performed by the fluorescent in situ hybridization (FISH) method, with modified procedures, as described by Araki et al. 33) All hybridizations were performed according to modified procedures described by Manz et al. 34) at 46 C for 2 h in hybridization buffer containing formamide at the concentrations shown in Table 3 , 0.9 M NaCl, 20 mM Tris/HCl, pH 7.2, 0.01% SDS, with a 50 ng/ml fluorescent DNA probe. After the hybridization reaction, the glass slides were washed at 48 C for 20 min with washing buffer containing the concentrations of NaCl shown in Table 3 , 20 mM Tris/ HCl, pH 7.2, and 0.01% SDS. Finally, after rinsing with distilled water to remove salt, the glass slides were airdried in the dark and mounted in Vectorshield (Vectorshield H-1200, Vector Laboratories, Burlingame, CA) containing 4,6-diamidino-2-phenylindole (DAPI; 1.5 mg/ml) to avoid fading fluorescence. The oligonucleotide probes were synthesized and fluorescent-labeled with a hydrophilic sulfoindocyanine dye, Cy3, at the 5 0 end (Takara Bio, Shiga). All probe sequences and the specificities of these probes are shown in Table 3 . The glass slides were observed with an epifluorescence microscope (BX-50 Olympus). Measurement of bacterial numbers was performed by DCC-FISH. 33) The most-probable-number method. The protocol used in the most-probable-number (MPN) method was based on that used in the wastewater examination method. 17) The count was performed using five-tube serial dilutions (10-fold) of the activated sludge. The MPN tubes contained mineral medium with 0.03 g KNO 2 /l. The inoculated tubes were incubated for more than 8 weeks at 28 C in the dark.
Results and Discussion
PAb specificity PAb was produced using Nitrospira moscoviensis, which to date has been isolated only from non-marine habitats, as the antigen. 30) By FISH and clone library analysis, proteobacteria have been identified as the dominant species in activated sludge, with the alpha and beta groups, not the gamma group, forming the primary representatives. 3, [35] [36] [37] [38] [39] Hence cross-reactivity was inves-tigated between the anti-Nitrospira PAb and 12 genera (26 bacterial strains), which consisted of Proteobacteria Actinobacteria, Bacteroidetes, and Firmicutes (Table 1 ). It was found that PAb reacted with Nitrospira moscoviensis more specifically than did other bacteria. Though Pseudomonas picketti, which was classified in the gamma subclass of Proteobacteria, which is not main phylum among activated sludges, revealed about 8% cross-reactivity, latex reagent sensitized with anti-Nitrospira PAb did not react with this bacterium when there were under 10 9 cells/ml (unpublished data). So it was concluded that it hardly influenced as to the quantified result of Nitrospira.
Population count of Nitrospira by PAb sensitized latex particles
The latex reagent for Nitrospira was produced using high-density latex particles of different diameters, and the detectable numbers of target cells were determined for each reagent. Commonly, when there is no limitation on the size of latex particles, the sensitivity of a reagent is proportional to the diameter of latex. When the diameter of latex is set at R and the size of agglutination required for a positive judgment is set at L, the number of particles (N) required to form agglutination is given by the following formula. 40) N ¼ ðL=2RÞ 3
Hence a positive judgment can be made from such a small number of particles if R is large. Consequently, it became evident that the sensitivity of the reagent increased in proportion to particle diameter at diameter sizes of 0.9-1.4 mm (Fig. 1) . However, when the diameter exceeded 1.4 mm, substantial depression of sensitivity and nonspecific agglutination occurred. The minimum detectable number was 7:0 Â 10 5 (log 10 5.85) cells/ml using latex particles which had a diameter of 1.35 mm. It has been reported that the bacterial numbers for the genus Nitrospira in activated sludge changed on log 10 6.0 to 8.0 cells/ml in an investigation of actual conditions of the numbers of nitrifying bacteria which the Japan Sewage Works Agency carried out using the direct count FISH technique. 15) Hence it was thought that sensitivity reached the usable level. Since the characteristics of the antibody influenced strongly in the case of a polyclonal antibody, it was thought that the de- 46) e Used together with an equimolar amount of unlabeled competitor oligonucleotides, as indicated in Wagner et al. 2) f Probe referred to as S-G-Ntspa-0662-a-A-18 and used together with an equimolar amount of unlabeled competitor oligonucleotides, as indicated in Daims et al. 13) tection sensitivity of Nitrobacter became higher than the sensitivity of Nitrospira. Hence it was expected that the sensitivity of the latex reagent for genus Nitrospira is improvable by adjusting antibody affinity for Nitrospira.
Detection and quantification of NOB in the wastewater treatment process
In the RPLA method, Nitrospira was detected in all reaction tanks, and the population counts were on the order of log 10 6.0 to 8.0 cells/ml ( Table 4 ). The characteristics of geographic locations and treatment processes ( Table 2) were not recognized. The time required to determine the number of bacteria present was to 4-15 h, a significant decrease as compared with the MPN method (about 4 to 8 weeks). This is the first report to describe the development of a direct quantification method for Nitrospira using RPLA. This method had several advantages over genetic assays such as DCC-FISH or quantitative-PCR in that it is simple, economical, and speedy. a bacteria with nitrite oxidation activity. b under the detection limit in one of two samples. c The detected Nitrospira cells were not quantified because their cell number was less than 0.1% of the total bacterial number as counted by EUB338, and reliability was not sufficient in one of two samples.
Nitrospira were also detected in all reaction tanks by the DCC-FISH method. At four plants (plants A, B, G, and L), Nitrospira were under the minimum detectable number of the DCC-FISH method in one of two collected samples, but nitrite oxidation activity was observed in the reaction tank from which these samples were collected (unpublished data), and the bacterial numbers of Nitrospira were quantified by the RPLA method. Although a difference of more than one order of magnitude was observed in some samples, it was thought that these differences could be accounted for by the different characteristics of the techniques. Since antibodies were used in the RPLA method, there was a possibility that latex reagents might react not only with living bacteria but also with dead bacteria, for which antigen reactions were still possible. It has been reported that the detection of nitrifiers in biofilms and activated sludge flocs by the fluorescent antibody (FA) technique is further limited by the nonspecific binding of FA to extracellular polymeric substances. 41) In this study, we confirmed that the negative control reagent sensitized with non-immunized rabbit IgG did not produce nonspecific agglutination with any dilution of activated sludges. Hence it was thought that there was little reaction of nonspecific binding. On the other hand, the activated sludge samples were fixed not on the filter but on the slide glass directly in this trial. The slide glass was pretreated with specific reagent, which raised the adsorbency of the sludge flocs. But the lower FISH numbers, as compared to the RPLA assay, probably resulted from a loss of cells during the hybridization and washing procedure. Based on such reasoning, we assume that the numbers of Nitrospira bacteria determined by the RPLA method did not completely coincide with that determined by the DCC-FISH method. But it was considered that these differences are not a practical hindrance as compared with the MPN results.
Genus Nitrobacter was detected in almost all the reaction tanks by the RPLA method, but those counts were 1 to 3 orders of magnitude lower than Nitrospira (Table 4 ). By the DCC-FISH method, Nitrobacter was detected from neither of the samples, because the DCC-FISH method detected more than log 10 5.0 cells/ml. In those results, it appeared that Nitrospira, not Nitrobacter, was found in Japanese wastewater treatment systems as dominant the nitrite oxidizer, as in other countries. 9, 13, 14) The sampling season and type of treatment process did not influence this.
The bacterial numbers determined by the MPN method were 1 to 5 orders of magnitude lower than those determined by the RPLA and DCC-FISH methods, which included counts of bacteria from both the Nitrospira and Nitrobacter groups ( Table 4 ). Other studies have reported that the quantitative efficiency of this method was 2 to 5 orders of magnitude lower than that determined using the antigen antibody method or the FISH method. 33, 42, 43) We ensured that only nitrifying bacteria suitable for medium composition and culturing conditions proliferated in the culture solution since the presence of unculturable species would lead to underestimation of the total population count. The culturedependent MPN method has been adopted as the method of determining population counts of nitrifying bacteria in Japan. 17) However, these studies had confirmed that efficient quantification can not be done by this method. In addition, it takes 4 to 8 weeks to obtain results using the MPN method, which makes it impractical for purposes such as determining daily population counts of nitrifying bacteria in a wastewater treatment plant. As a result of these tests, this immunological procedure can be applied to activated sludge samples.
In this study, it was not possible to determine definitively whether this antibody reacts with all species of the Nitrospira serotype in wastewater treatment processes. It was well recognized from previous work that there is large serological diversity between ammonia oxidizing bacteria and genus Nitrobacter. 22, 23, 42, 44) It was thought that the antibody used in this study might reacted with the dominant Nitrospira in sewage treatment systems in view of the results of population counts. But the environmental sample in which Nitrospira was undetected did not exist in this investigation. Hence it is necessary to pay attention to the possibility of mistaken detection when bacteria that have high cross-reactivity to this antibody exist and there are few Nitrospira subsistence rates in tested activated sludge. In these cases, it is necessary to evaluate the population counts of genus Nitrospira in detail from both sides of the results using the FISH or the PCR method, and nitrite oxidizing activity.
On the other hand, although many attempts to isolate other species of Nitrospira have been done, 4, 6, 29) Nitrospira moscoviensis is the only pure-cultured non-marine Nitrospira species. Representative isolates from activated sludge will be required for detailed physiological characterization of other serotypes.
In conclusion, it is thought that the newly developed RPLA method can quantify Nitrospira populations in activated sludge more simply, economically, and speedily than molecular biological techniques or the culture method. Because this method does not require the use of specialized equipment, expensive reagents, or technical skill, it is applicable for use in the everyday control and maintenance of water quality in facilities where equipment is not sufficient or in the field.
